ABSTRACT Flicker is a very common power quality disturbance due to the inclusion of photovoltaic (PV) generation on the electric grid. This paper presents a methodology for flicker estimation in a PV generation that fuses multiple signal classification and discrete wavelet transform to provide high-resolution frequency estimation with an accurate amplitude measurement. This tool considers that flicker is not stationary over time and that more than one frequency component can exist on a voltage signal. In Addition, this paper finds that sun irradiance, temperature, and the action of the solar inverter are the sources of flicker in PV generation. The methodology is applied to real signals from three days with different weather conditions. In Addition, two different solar inverters are evaluated to see their influence on the parameters of flicker. Results show that flicker can contain more than one frequency component that can change over time. Finally, this paper shows that around 70% to 80% of flicker is linked to irradiance and cell temperature whereas the 20% to 30% can be attributed to the operation of solar inverters.
I. INTRODUCTION
Renewable energies have become very important in modern society as an alternative to conventional generation sources that have been robust and reliable power supplies for many years; yet, this type of generation is carried out through fossil fuels, which are non-renewable and therefore, finite. Moreover, gases from the combustion of these fuels have led to a series of environmental issues such as climate changes and depletion of the protective ozone layer, representing a risk to human health. In this sense, renewable energies come from inexhaustible sources at a human scale and can be used with zero or almost zero emission of gases [1] . Among all the renewable energies, solar photovoltaic (PV) is one of the most widespread power technologies due to its modularity, free-maintenance and quiet performance [2] . However, the inclusion of solar PV energy involves some important challenges, for instance, solar PV cells deliver DC power, making necessary the use of a power inverter to properly supply the produced energy into the grid [3] . Additionally, the PV production fluctuates because it depends on atmospheric conditions like the solar irradiance that reaches the PV cell, the presence of clouds, and the temperature of the cell, among others [4] , [5] . The use of power electronic devices and the dependence of weather conditions can lead to periodical local voltage variations that cause an undesired effect known as flicker [6] , [7] .
Flicker is a low-frequency voltage fluctuation that gives rise to noticeable illumination changes in lighting equipment [8] and is mainly caused by the use of nonlinear and electronically-commutated loads that introduce high harmonic and interharmonic content to the voltage signal [9] - [11] . The admissible levels, as well as a methodology to obtain a flickermeter (i.e., a device for flicker measurement), are described by the standard IEC 61000-4-15 [12] . However, this flickermeter presents certain limitations that can affect the proper measurement of the flicker [13] , [14] . Since flicker is a phenomenon that modulates in amplitude the voltage signal, it is required to know the waveform of the modulating signal. Some works have developed analytic representations to measure and describe flicker. These works go from a simple frequency [15] - [17] or time-frequency [18] , [19] analytic representations of the IEC flickermeter, to a complex and complete mathematical expression that describes, not only flicker, but a large set of power quality disturbances [20] . The mathematical approach in [20] is probably the most complete representation of power quality disturbances so far, and it certainly describes flicker as a waveform that modulates the amplitude of the voltage signal. However, no information is provided on how to extract or assess the parameters that compose the modulating signal. Other works use methodologies like the Hilbert transform to obtain the envelope of the voltage signal and then get the amplitude and frequency of the flicker using the fast Fourier transform (FFT) and the empirical mode decomposition [21] - [23] . Moreover, it is well known that flicker can cause irritation to the human brain, and there are also critical loads that demand a high-quality voltage supply, and that can be seriously affected by flicker [24] . Thereby, several techniques and methodologies have been developed to diminish flicker levels. The most common solutions are the use of smart loads [25] , static synchronous compensators [26] - [28] or distribution static compensators [29] , [30] for reactive power compensation. Although all the works above suitably assess the flicker sensation, they present some disadvantages. For instance, most of the reported works consider that flicker is composed by only one frequency, and only the amplitude for the flicker is reported. In [23] it is proposed a methodology that considers the existence of many frequency components in the envelope of the voltage signal using the FFT to find the frequency and amplitude of every flicker component. The use of the FFT in this methodology supposes that the signal is stationary, which is not true in most cases. Moreover, by estimating the frequency content through the FFT, the method implies that all components are exact multiple integers of the frequency resolution; otherwise, the estimated amplitude values will be erroneous due to spectral leakage. Then, it is necessary the use of a different technique that allows obtaining a better estimation of the frequencies and amplitudes of the flicker signal.
Regarding the specific causes of flicker in the PV generation, it has been noticed that changes in the solar irradiance due to clouds can lead to an increase of flicker levels [31] . Some works mention that solar irradiance is not fully predictable, resulting in intermittent power generation on cloudy days, where the voltage levels are fluctuating according to the changes of solar irradiation. This may affect the network voltage profile and cause voltage flicker [32] - [36] . These works present plots of the irradiance profile throughout the day and show that flicker levels are different from a sunny day to a cloudy day. Although these works show that there is a relationship between the irradiance and the flicker, the analysis is only qualitative. It is necessary to use statistical models to quantify how much the irradiance affects the flicker levels. This would allow determining if the irradiance is the only source of flicker on the PV generation or if there are some other factors that can influence this undesired effect. It is important to mention that so far, the reviewed works have studied the affection of the irradiance on flicker level, but they do not consider the temperature of the photovoltaic cell. Another well-known source of flicker is the interharmonic content of the voltage signal [37] , [38] . According to [38] , one of the mechanisms for the generation of interharmonics is the asynchronous commutation of semiconductor devices in static converters. Typical examples are cycloconverters and pulse-width modulation (PWM) converters. This is worth noticing because, in PV generation, the use of solar inverters is inevitable. Solar inverters are power electronic devices and they use PWM modules for their operation. In this sense, it is possible that the solar inverter itself is a source of flicker [6] , [35] .
This paper presents a methodology that estimates the flicker considering the existence of several frequency components, harmonics and interharmonics, on the flicker signal. The proposed method extracts the modulating signal that contains the low-frequency flicker components by a nonlinear demodulation that uses Hilbert transform to estimate the envelope of the voltage signal. Then, using the multiple signal classification (MUSIC) algorithm for spectralanalysis, all the frequency components of the envelope can be identified with a very high resolution. Since MUSIC does not deliver a good estimation about the signal energy, the discrete wavelet transform (DWT) is used to decompose the envelope of the voltage signal in modes to estimate the amplitude of every flicker component. This methodology is applied to two different solar inverters to show the contribution of the solar inverter on the flicker level. To assess only the flicker due to PV generation, the experiment is performed on a PV network that is connected to the distribution grid, but no significant loads exist in this node of the grid. Finally, using a linear regression model, the relationship between solar irradiance, cell temperature and flicker level is established. Results prove that the temperature of the cell and the irradiance explain a part of the flicker level and also that the solar inverter has a critical influence.
II. THEORETICAL BACKGROUND A. FLICKER DEFINITION
The IEEE-1159 standard defines flicker as the impression of unsteadiness of visual sensation induced by a light stimulus whose luminance or spectral distribution fluctuates with time [39] . This sensation is due to voltage fluctuations on electric power systems, generating a waveform that modulates the amplitude of the voltage signal. This modulating waveform is characterized by presenting a frequency, or a set of frequencies, that is lower than the fundamental supply frequency. However, certain combinations of frequency and amplitude of the modulating waveform can result in irritation for the people. In [20] it is presented a mathematical expression for flicker modeling. This representation considers well-defined parameters such as severity, DV/V, flicker frequency and duration of the event. The analytic approach is shown in (1)
where X fl (t) is the signal with flicker, A and f 0 are the amplitude and the frequency of the fundamental signal, and δ a is a square modulation given by (2)
being A fl the amplitude of a square signal for modulation, directly related to the term DV/V. The function sgn() is the sign function. The modulation has a frequency f fl and phase θ fl . It is important to mention that the model from (2) considers that the modulating signal contents only one frequency. However, (2) can be easily modified for considering the existence of several frequency components on the modulating signal as presented in (3)
where A fl (i) is the amplitude of the i-th component of the modulating signal with frequency f fl (i) and phase θ fl (i). Therefore, it is possible to describe and represent every flicker signal by knowing the amplitude and the frequency of every component of the modulating signal. In this sense, it is necessary a methodology for estimating the modulating signal and accurately extracting its components.
B. STANDARD IEC 61000-4-15
The standard IEC 61000-4-15 [12] establishes the basis for the design of a fully functional measuring device, which purpose is correctly indicating the flicker perception level in a fluctuating voltage signal. This measuring device is called the flickermeter. Additionally, the standard provides a methodology to evaluate the flicker severity on the basis of the output provided by the flickermeter. Basically, the flickermeter is composed by 5 modules: a normalization module, a squaring multiplier, weighting filters, squaring and smoothing, and online statistical analysis. In the first module, the voltage signal is normalized using its own rms value. The second module squares the normalized voltage signal and converts the AC to DC signal, making it suitable for filtering. The weighting filters are the third block, and it is used to simulate the human eye response with a lamp. In this block, a first order high-pass filter with cutoff frequency of 0.05 Hz is used for filtering the DC component. Since flicker is a phenomenon with frequencies lower than the fundamental, the next step consists on filtering the frequencies higher than 35 Hz. A 6-th order low-pass filter is used for this purpose. Then a weighting filter is designed for removing the frequency components that cannot be appreciated by the human eye. In the next block, the signal is squared to simulate the eye-brain perception. Then, a filter with time constant of 300 ms is used for smoothing the signal. The output of this block is the instantaneous flicker (P inst ), and simulates the brain storage process for optic perception. Finally, in block 5 it is performed a statistical analysis for assessing the voltage flicker severity based on P inst . This block delivers two outputs: the short-term severity (P st ), and the long-term severity (P lt ). These values represent the level of annoyance for the human eye due to flicker.
III. METHODOLOGY
This section presents the methodology for extracting the amplitudes and frequencies of the modulating waveform that causes flicker. The experiment is performed in a PV plant, and the methodology proposes a model to correlate flicker with some external parameters like irradiance and cell temperature. Fig. 1 depicts the method composed of three stages: envelope estimation, flicker parameter extraction, and correlation with external factors. The next signals are required to VOLUME 6, 2018 apply this method: sun irradiance (Irr), cell temperature (T ), the DC current (Idc) and voltage (Vdc) delivered by the PV modules, and the AC voltage (Vac) provided by the solar inverter. A proprietary data acquisition system (DAS) with an integrated data logger is developed for acquiring and collecting data from the PV installation. Once data are collected, the flicker analysis is performed. The first stage estimates the envelope (En) of the Vac signal, generated by the solar inverter, using the Hilbert transform, [40] . This envelope considers any fluctuation present on the voltage signal, regardless of the source, and makes possible to assess the flicker due to a specific load, harmonic and inter harmonic components, and variation on the weather conditions, among others.
Since flicker is characterized by frequencies lower than the fundamental frequency, decimation is carried out on the envelope. This works as a low-pass filter and reduces the bandwidth of the signal, which is an advantage for the next stages because it simplifies the identification of frequencies lower than the fundamental frequency. Then, the sampling frequency is reduced from 8000 Hz to 128 Hz for obtaining the decimated envelope (dEn).
In the next stage, the flicker parameters are extracted in two steps after subtracting the mean value of the envelope (dEn) to eliminate any offset: firstly, the flicker frequencies are estimated, and secondly, their amplitude is measured (Afl). A MUSIC algorithm, with order 4, is used to estimate the flicker frequencies. MUSIC permits to identify, with a high-resolution, any frequency and their time evolution [41] . Notice that with this methodology, flicker is not considered constant with time. As MUSIC is not efficient at estimating amplitude, the DWT is used for this purpose and separates the envelope into several modes of different bandwidths. Since the modulating signal can contain more than one frequency, this decomposition allows measuring the amplitude of each flicker component present on the signal. The mother wavelet used is a Daubechies 12 and the levels of decomposition are set to 8. Finally, it is examined how the weather conditions affect the flicker by doing a correlation to external factors.
In the first step of this correlation analysis, two linear regressions are carried to find any relationship between Irr, T , Vdc, and Idc. The first one considers Irr and T as the explanatory variables and Idc as the dependent variable. The second one considers Irr, T and Idc as the explanatory variables and Vdc as the dependent one. The linear regression also permits to know the percentage of the dependent variable that can be described with the explanatory variables. This allows quantifying how the weather conditions affect the generation of the PV panel. The approach is performed this way due to the operating principle of PV cells, where the current delivered depends on the weather conditions, but the voltage may depend not only on the weather conditions but also on the generated current. Then, another linear regression is carried out to determine how Vdc and Idc are related to the flicker amplitude. Since the DC values are used to explain flicker, which occurs on the AC signal, it can be inferred that the percentage of the dependent variable that cannot be described by the explanatory variables is due to something related with the process of transforming DC into AC. Thus, it can be proved that the solar inverter directly affects the existence of flicker. Additionally, it is demonstrated that weather conditions are related to Vdc and Idc, and this last linear regression can provide information of the level of affection of weather conditions on flicker amplitude.
IV. VALIDATION OF THE PROPOSED METHODOLOGY
In this section, the proposed methodology is used to extract the parameters of flicker from two signals: one synthetic signal generated using (1), and a flicker waveform from the National Physical Laboratory (NPL) of the United Kingdom for calibration.
A. SYNTHETIC SIGNAL
Equation (1) is slightly modified adding Gaussian white noise to obtain a synthetic signal:
where η G represents the Gaussian white noise. This will permit to test the methodology with signals with a low signalto-noise ratio (SNR). The SNR of the generated synthetic signal is 25 dB. The rest of parameters of (4) Fig. 2 (a) presents 1 second of the signal, where some amplitude variations are observable. However, the existence of noise introduces some other deformations on the waveform, which can be observed in detail in Fig. 2(b) . Fig . 3 shows the result of applying MUSIC to the envelope of the signal. There are two well-identified frequency components that correspond to the 22 and 10 Hz modulating signals used on the synthetic signal. Although MUSIC does not calculate signal amplitude reliably, it can be observed in Fig. 3 that the algorithm detects correctly that the energy of the 22 Hz component is larger than the one from the10 Hz component. Two additional components appear around 30 and 35 Hz. These components should not be present on the frequency estimation and they are a detrimental effect due to the noise. However, as their energy is very low, they can be ignored. 
B. FLICKER WAVEFORM USED IN NPL (UK) FOR CALIBRATION
The National Physical Laboratory (NPL) is the entity in charge of the metrology and standards in the UK and they proposed a reference waveform used for flicker calibration [42] . The parameters selected for validation following the NPL recommendation are: flicker frequency 33.33 Hz and DV/V = 2.4. These parameters along θ fl = 0 are introduced in (3) to obtain the function δ a (t). The rest of parameters take the following values: A = 1, f 0 = 50 Hz, and θ = 0. The resulting signal and its envelope are shown in Fig. 5 .
MUSIC identifies correctly one frequency component (see Fig. 6 ), which appears around the value of 33.33 Hz, but the exact value reported by the algorithm is 33.375 Hz. This error is explained by the frequency resolution of the algorithm. A closer result to the real value can be obtained by modifying the time window, but this would compromise the time resolution.
If only one frequency component is present on the flicker signal, the amplitude can be obtained directly from the envelope to save processing time. Finally, the real amplitude and frequency values, along with the values delivered by the methodology and the error for the two synthetic signals, are summarized in Table 1 . The error on the frequency estimation is very low, which is one of the strengths of this methodology. The amplitude errors are higher than frequency errors, but they are in a reasonable range.
V. EXPERIMENTAL SETUP
The experiment is performed at a 20 MW photovoltaic generation plant, located in central Spain. The plant is organized in independent branches of 100 kW each. A proprietary DAS is used for acquiring and collecting data from the photovoltaic installation. Fig. 7 depicts a general diagram of a single branch of the generation plant and the location of the measurement instruments.
A. DESCRIPTION OF THE GENERATION NETWORK
Measurements are performed in two branches because two different solar inverters are used in the plant; in this way, it would be possible to study if the type of solar inverter affects the flicker levels. The two solar inverters used in this work are a Solarmax 100c [43] and an Ingecon Sun 100 [44] . The measurement points are marked with red circles in Fig. 7 to have a clearer idea of the location of the DAS.
B. DATA ACQUISITION SYSTEM
An FPGA-based DAS is developed for acquiring and collecting data from the photovoltaic installation. The designed DAS is able to acquire data from seven simultaneous channels at 8000 samples per second (SPS) with a 16-bit resolution. The equipment can store all the waveforms of voltage and current signals during an extended time using a standard micro SD card of 128 GB, which can be replaced when it is full, extending the storage capacity. On the DC side, only two channels of the DAS are used: one for the voltage and another for the current. The DC voltage level is around 600 V and the current about 250 A. This DAS is conditioned to measure voltages up to 1000 V and the current is acquired using an effect hall clamp whose output voltage is in the ±4 V range. This sensor is the HOP 500-SB/SP1 by LEM [45] . On the AC side, six channels of the DAS are required to measure the voltage (230 Vrms) and current of the three phases (5 Arms). The currents are measured in the secondary of a current transformer (200/5 ratio) using the SCT-013-010 sensors by YHDC [46] .
VI. RESULTS AND DISCUSSION

A. FLICKER ESTIMATION
The proposed methodology is applied to real signals from a photovoltaic plant. The signals are selected from three days with different conditions regarding solar irradiance and temperature: (i) The first day is a sunny day (Fig. 8); (ii) The second day presents some clouds at certain moments, which affects the solar irradiance (Fig. 9) ; (iii) The third day is a cloudy and stormy day, where the irradiance is very low and presents sudden variations along the day (Fig. 10) . Therefore, the irradiance and cell temperature profiles of the three days are different and show abrupt variations when clouds are present in the sky (see Fig. 8(a), 8(b) , 9(a), 9(b), 10(a) and 10(b)). The cell temperature profile depends highly on the irradiance. Fig. 8(c), 8(d) , 9(c), 9(d), 10(c) and 10(d) present the flicker calculated for each day and the two inverters considered. The frequency of the flicker is averaged every 60 seconds for the sake of consistency with the irradiance data, which were collected on a minute basis. The amplitude of the flicker is represented using a color scale, with yellow for the highest value and blue for the lowest one, and it is obtained using the DWT. With this technique, the signal is decomposed into different modes, which are selected depending on the value of the frequency. Then, the amplitude is assigned to that frequency and time with a correct color according to the color scale selected.
It is worth noticing that both inverters present very different flicker levels, despite being in the same location. While the Ingecon Sun 100 inverter presents various flicker components (see Fig. 9(c) ), the Solarmax 100c inverter barely shows a component in frequencies near to zero Hz and with amplitudes that are almost negligible (Fig. 9(d) ). It is also noticeable that there is a correspondence between the highest values of the flicker amplitude and irradiance and cell temperature (Fig. 8(c) ). During the night, when the PV cells and the solar inverters are not operating, there are no flicker components. Hence, the existence of flicker during the day is due to the PV generation process. Fig. 8(c) illustrates another important result as it displays three well-defined flicker components whose frequency is not constant with time. The methodologies reported so far consider that flicker is constant for the entire time interval of analysis. The results obtained with the proposed methodology in this work prove that flicker is a phenomenon that is not necessarily stationary.
Therefore, these results from the analysis of the three different days suggest that the existence of flicker in PV generation is related to weather conditions as well as to the solar inverter model. Two different inverters were tested during three separate days and at the same location. The level of flicker they presented was very different. Therefore, the principle of operation of the solar inverter could also be a source of the flicker.
B. COMPARATIVE WITH STANDARD IEC 61000-4-15
Standard IEC 61000-4-15 establishes the admissible levels of flicker and defines a methodology for measuring these levels. The standard uses two values for describing the severity of flicker in voltage signals: the short-term severity (P st ) that is measured over a period of 10 minutes, and the long-term severity (P lt ) which is calculated from a sequence of 12 consecutive P st values. A flickermeter based on the standard is designed for obtaining the P st values for the period comprised between the 13:00 and the 15:00 hours of the first day of analysis. Only the signal from Ingecon Sun 100 inverter is used because is the one that presents flicker components. The P st values are presented in Fig. 11 . The blue squares in Fig. 11 correspond to every P st value, whereas the dotted red line represent the flicker tendency. This figure shows that the flicker severity of the signal is much higher than the permissive value stated by the standard, which is 1.00. It is also observed that the P st values present a tendency very similar to the one presented by the flicker amplitude in Fig. 8(c) , i.e., the flicker level starts raising and reaches a top value near the 14:00 hours, then the flicker level starts decaying. However, the P st values do not provide information regard the frequency of the flicker component. Moreover, the standard does not consider the existence of more than one flicker component. Additionally, the standard considers a 10-minute period for the estimation of every P st value and some rapid variations on the flicker levels may be missed by this situation. It is important to mention that the standard delivers statistical values that represent the level of annoyance due to flicker, whereas the methodology described in this work provides information on the parameters that describe flicker and their behavior. In this sense, the methodology proposed in this work could also be considered as a compliment to the standard in order to provide more information about the flicker behavior along the day, and the time window may be modified if there is a situation that requires it.
C. RELATION OF FLICKER WITH EXTERNAL FACTORS
A linear regression model is used to quantify and explain how the weather conditions are related to the appearance of flicker on PV installations. First, two linear regressions are carried out: the first for identifying the relationship between weather conditions and Vdc, and the second between weather conditions, Idc and Vdc. This analysis is performed for the same three days presented before. As the Ingecom Sun 100 presented higher levels of flicker, this study is applied only to it. The linear regression model used to explain Idc is described by (5): The values of Intercept, c 1 and c 2 are the coefficients estimated through the linear regression. Table 2 summarizes the most important statistical values delivered by the linear regression process applied to the data of the first day analyzed.
The relevance of one variable on the explanation of the response variable is ensured by a p-value of the t statistic equal to zero or very close to it. These values are very low in Table 2 so, the irradiance and cell temperature have a significant impact on the Idc (response variable). The Adjusted R-Squared value defines how much of the response variable can be represented by the explanatory variables. Then, in this case, the irradiance and cell temperature can explain 99.7% of the behavior of Idc. The linear regression model to study the Vdc is as follows described by (6) : Table 3 .
It is observed that the p-Value of all variables is very close to zero. However, as the coefficient of the interaction between irradiance and current is very low, the interaction between these variables is not relevant for the description of the response variable. The value of the Adjusted R-Squared says that only around an 83.6% of the Vdc is explained by the mathematical model of (6) . Results from both regression models show that there is a strong relationship between the weather conditions and the current and voltage generated. Moreover, they quantify the level of affection of each variable, which is one of the most important contributions of this work.
These linear regression models were also applied to the data of the other two days getting similar results.
Since it has been proved that Idc and Vdc are related to the weather conditions, by proving that they are related to flicker it will be inferred that flicker is related to the weather conditions. Then, another linear regression is carried out, using Idc and Vdc as explanatory variables, and being the flicker amplitude as the response variable. This analysis is applied to every flicker frequency component detected, which will be named as the bottom component (the component with the lowest frequencies), middle component, and top component (the component with the highest frequencies). This linear regression uses a quadratic model like the one in (7) . The results from tables 4, 5 and 6 show that all variables are highly correlated to the three flicker components. All p-values are close to zero, and the Adjusted R-Squared values are high. This means that the explanatory variables can explain the behavior of flicker almost completely. Although the variables explain a significant part of the phenomenon, they are not the only ones involved in its description. The other element not present in the analysis is the solar inverter, so it can be assumed that the operation of the inverter is the missing variable required for a better description of flicker. A similar analysis is also performed to the data from the third day (tables 7, 8 and 9). The value of the Adjusted R-Squared in Table 7 is very low, which suggests that the bottom frequency component is not related to environmental factors like irradiance and cell temperature. This result is corroborated by Fig. 11(c) , 12(c) and 13(c), where it is noticeable that the bottom frequency component presents values of amplitude different from zero even during the night. During the night, the solar inverter remains connected to the grid, but it is not operating, so every frequency component that presents amplitudes different from zero cannot be related to PV generation.
Nevertheless, the middle and top frequency components present very low p-Value and Adjust R-Squared values high enough to prove that these frequency components are related to irradiance and cell temperature. It is important to mention that some coefficients are very low. There are also some p-Values, like the one of the variable named Current^2 in Table 9 , that are not as close to zero as they should be to ensure that this variable is significant for the explanation of the response variable. These results corroborate that, although flicker is related to irradiance and cell temperature, there are other variables that affect the behavior of flicker. Additionally, it can be said that weather conditions explain between the 70% or 80% of the flicker behavior. The missing 20% to 30% can be attributed to the DC to AC conversion stage, because the solar inverters used for this purpose contain a large number of power electronic devices that represent nonlinear loads for the electric grid. Moreover, two different solar inverters are tested in this study, and one of them introduces flicker whereas the second does not introduce flicker. Then, the solar inverter operation principle can also be encompassed in this 20% to 30% that cannot be explained by the environmental conditions. Finally, these results can give an explanation to the rise and drop in flicker amplitude.as they show that a rising in temperature and sun irradiance has a high probability to result in a flicker amplitude rising. Moreover, it is aforementioned that flicker is related with the existence of harmonics and interharmonics in the voltage signal; thus, it can be inferred that fluctuations on weather conditions modify the spectral content of the voltage signal affecting the flicker behavior.
VII. CONCLUSIONS
This work proposes a methodology that proves to be effective for the extraction of the parameters of flicker. It uses two well-studied techniques: MUSIC and DWT. MUSIC delivers a high-resolution estimation of the frequency, but it cannot estimate the energy of a signal accurately, so it is estimated using the DWT. Thus, these two techniques are combined to take advantage of their strengths and to obtain a useful tool for frequency and amplitude estimation. The results prove that voltage signals can contain different flicker frequencies, and this methodology permits to identify and analyze them separately. Another capability of this method is its ability to study flicker components that are not stationary, detecting their instant variations in frequency and amplitude. The methodology is applied to real signals from a 20MW PV generation plant. The signals correspond to three days of production with different weather conditions. Results demonstrate that PV generation itself introduces flicker into the grid because only during the day some frequency components that modulate the voltage signal appear.
It can also be inferred that the weather conditions affect the characteristics of the flicker. Moreover, it is demonstrated that for the same location, one solar inverter generates a flicker signal and the other one does not. Thus, it can be said that the type of solar inverter is also a source of flicker.
Notwithstanding, one of the aims of this work consist in performing not only a qualitative but a quantitative analysis of the influence of weather conditions and solar inverter on the existence of flicker in PV generation process. While most of the works consider only the influence of irradiance in the PV generation process, this work considers irradiance and cell temperature. In this sense, the linear regression analysis proves that solar irradiance and cell temperature can explain by themselves more than the 97% of the behavior of the DC current and around the 85% of the DC voltage. Additionally, the DC voltage and current can explain around a 70% or 80% of the flicker present on the PV generation process. Since the DC variables are highly related to weather conditions, it is safe to ensure that flicker is related to weather conditions to the same extent. Despite the p-Value delivered by these last linear regression models prove that flicker is related to weather conditions, some of the coefficients make the contribution of an explanatory variable negligible. The existence of a variable highly correlated with a phenomenon but which contribution is insignificant, is not a common situation. This situation, together with the fact that the explanatory variables cannot describe 100% of the flicker behavior, allows to assert that solar irradiance and cell temperature are not the only variables that describe the flicker existence in PV generation. Results prove that weather conditions are related to DC generation process. Since PV generation is performed in two stages: DC generation, and DC to AC conversion, it can be said that the percentage of the flicker that cannot be explained by weather conditions is due to the DC to AC conversion, i.e., the action of the solar inverter is directly correlated with flicker existence. It is important considering that international standards evaluate flicker based on the unsteadiness of lighting loads; however, this study focuses on the waveform resulting from the PV generation process. In this sense, the assessing of the output with any lighting load may deliver interesting results and it is left for further applications.
